Decelerating molecules with microwave fields 
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We here report on the experimental realization of a microwave decelerator for neutral polar 
molecules, suitable for decelerating and focusing molecules in high-field-seeking states. The multi- 
stage decelerator consists of a cylindrical microwave cavity oscillating on the TE lln mode, with 
n=12 electric field maxima along the symmetry axis. By switching the microwave field on and 
off at the appropriate times, a beam of state-selected ammonia molecules with an incident mean 
velocity of 25 m/s is guided while being spatially focussed in the transverse direction and bunched 
in the forward direction. Deceleration from 20.0 m/s to 16.9 m/s and acceleration from 20.0 m/s to 
22.7 m/s is demonstrated. 



PACS numbers: 37.20. +j, 33.20.Bx, 37.10.Mn 

The manipulation and control of beams of neutral po- 
lar molecules with electric and magnetic fields has en- 
abled spectacular advances during the last decade and 
has rejuvenated the field of molecular beams [TJ [2]. 
Beams with a tunable velocity have been used to study 
(in)elastic scattering as a function of collision energy [3], 
slow molecular beams are being used to increase the res- 
olution in spectroscopy experiments [4] and samples of 
trapped molecules have been used to measure lifetimes 
of long-lived metastable states [5], for instance. These 
advances have greatly benefited from the original devel- 
opment of Stark decelerators [6] and Zeeman decelerators 
[7] and their still ongoing refinements. 

The force on a polar molecule can be expressed as the 
product of an effective dipole moment with the gradi- 
ent of the electric or magnetic field strength. This effec- 
tive dipole moment depends on the quantum state of the 
molecule and is generally a function of the field strength. 
For the manipulation of molecules, a distinction has to 
be made between molecules in so-called low-field-seeking 
states and those in high-field-seeking states. The electric 
and magnetic field strength can have a minimum in free 
space and molecules in quantum states with a negative ef- 
fective dipole moment, i.e. molecules in low- field-seeking 
states, can thus be stably trapped with static fields. By 
creating field minima on the molecular beam axis, these 
molecules can be readily confined around this axis, a fea- 
ture that is exploited in multipole focusers as well as in 
the Stark and Zeeman decelerators mentioned above. 

There is a strong interest in developing manipulation 
tools for molecules in high-field-seeking states, if only 
because the absolute ground state of any particle is high 
field seeking. As the Earnshaw theorem does not allow 
for a maximum of the field strength in free space us- 
ing static fields alone, dynamic focusing (so-called alter- 
nating gradient) schemes have to be applied to confine 
molecules in high- field-seeking quantum states. The lat- 



ter schemes are much like those that need to be applied 
to stably trap charged particles, and although guides [8]- 
H0] , decelerators [11] and traps [12] for neutral molecules 
in high-field-seeking states have all been demonstrated 
by now, these approaches are experimentally more de- 
manding, the confinement is less strong and the trapping 
is intrinsically less stable. 

Optical fields do provide a means to create electric field 
maxima in free space, and are used in many laboratories 
to trap cold atoms as well as cold molecules that have 
been created from cold atoms via photo- or magneto- 
association [13]. Optical fields have also been success- 
fully used to decelerate beams of polarizable molecules 
[14] • The electric field gradients that can be produced 
in an optical lattice formed by two counter-propagating 
pulsed laser beams are very large, leading to extremely 
rapid deceleration. The volume of the optical interaction 
region is in general rather small, however, and only a 
limited fraction of the molecules in the beam is accepted 
for the deceleration process. Moreover, it can be chal- 
lenging to keep the temporal and spatial intensity profile 
of the laser pulses sufficiently well under control. To cir- 
cumvent some of these problems, it has been proposed to 
use amplitude modulation of near-resonant infrared radi- 
ation inside a high-finesse cavity to construct an optical 
decelerator [T5] . 

A promising alternative for the manipulation of the 
motion of molecules is the use of the microwave radia- 
tion field inside a resonant cavity, as the volume of the 
interaction region will be much larger and the control 
over the electric field distribution can be more precise. 
Using high-power microwave radiation, optical traps for 
polar molecules can in principle be made with sub-Kelvin 
depth [16] and a microwave decelerator, based on ampli- 
tude modulation of the standing wave electric field in an 
open Fabry-Perot microwave cavity, has been proposed 
[T7] . Thus far, only a deflector [18] and a lens [19] based 



on microwaves have been experimentally demonstrated 
for molecules. 

We here demonstrate a microwave decelerator for neu- 
tral polar molecules. The multi-stage decelerator con- 
sists of a cylindrical microwave cavity oscillating on the 
TE^ n mode, with n=12 electric field maxima along the 
symmetry axis. A pulsed beam of Stark-decelerated, 
state-selected ammonia ( 14 NH3) molecules with an in- 
cident mean velocity of around 20 — 25 m/s is injected 
along the axis of the cavity. By switching the microwave 
field on and off at the appropriate times, the ammonia 
molecules are stably guided through the cavity and are 
focused, both transversely and longitudinally, into the 
detection region, directly behind the microwave cavity. 
Longitudinal spatial focusing ("bunching") of the ammo- 
nia beam in the detection region, as well as deceleration 
from 20.0 m/s to 16.9 m/s and acceleration from 20.0 m/s 
to 22.7 m/s are demonstrated. 

The experimental setup is schematically shown in Fig- 
ure [I] A detailed description of the molecular beam 
machine and, in particular, of the Stark deceleration of 
a beam of ammonia molecules is given elsewhere [20 . 
In the experiment, a single decelerated packet of NH 3 
molecules leaves the Stark decelerator in the upper inver- 
sion doublet component of the |J,K) = |1,1) level, in the 
vibrational and electronic ground state. The mean longi- 
tudinal velocity of the molecules is set around 20 — 25 m/s 
and the full-width-at-half-maximum (FWHM) velocity 
spread is about 10 m/s. The decelerated packet leav- 
ing the decelerator contains about 10 5 molecules and has 
a spatial extent of less than 2 mm along all directions. 
We here define the time at which the Stark decelerator 
is switched off as t=0. At this time, the center of the 
packet of molecules is about 6 mm in front of the mi- 
crowave cavity. The inner length of the microwave cavity 
is <i=119.8 mm (at room temperature), and there are 
identical 2 mm thick end-caps (with a 3 mm diameter 
opening for the molecules) on either end. About 6 mm 
behind the microwave cavity the ammonia molecules are 
resonantly ionized between the extraction plates of a 
compact linear time-of-flight setup and the parent ion 
signal is recorded. The total distance that the molecules 
travel from t=0 up to the time of detection is thus about 
136 mm. 

The cylindrical microwave cavity is made out of 
oxygen-free copper and has a precisely machined inner 
diameter of 9.57 mm (at room temperature). Microwave 
radiation around 23.7 GHz is coupled in via a 6.5 mm 
long, 0.1 mm diameter dipole antenna, located at the 
center of the cavity, to excite the TE^^jg mode. When 
the cavity is cooled down to 77 K, this cavity mode is 
about 58 MHz blue-shifted from the molecular resonance 
frequency v$ w 23695 MHz, i.e. from the inversion transi- 
tion of the |J,K) = |1,1) level of the vibronic ground state 
of 14 NH3. From the observed width of the cavity res- 
onance, a quality factor of the resonator of Q=9150 is 
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FIG. 1: (Color online) Upper panel: Schematic of the exper- 
imental setup. A 12 cm long cylindrical microwave cavity is 
mounted behind a Stark decelerator. A packet of slow ammo- 
nia molecules, exiting the Stark decelerator, passes through 
this cavity and is then detected using resonant photoioniza- 
tion. Lower panel: False-color representation of the electric 
field distribution inside the microwave cavity when 3.0 W of 
microwave power at ~ 23.7 GHz is coupled into the TEj^^g 
mode. Cooling the copper cavity to liquid nitrogen tempera- 
tures results in a Q-factor of about 9150, and a maximum elec- 
tric field strength on the axis of about 1.4 kV/cm. The cavity 
is represented to scale, but for the sake of clarity the antenna 
is displayed five times thicker than in reality. The longitudi- 
nal potential wells experienced by the ammonia molecules on 
the axis of the cavity are shown in the lower right corner for a 
blue-detuning of the microwave radiation of 58 MHz from the 
molecular resonance. The part of the potentials experienced 
by the synchronous molecule in guiding mode is represented 
in bold. 

deduced. Due to the blue-detuning, molecules in the up- 
per component of the inversion doublet, that are low- field 
seeking in static electric fields, become high-field seeking 
in the microwave field [T9] . The radial dependence of 
the electric field in the microwave cavity, which is always 
greatest on the beam axis, thus results in a focusing of 
the ammonia molecules along this axis. This behavior 
was exploited in the demonstration of a microwave lens 
for ammonia molecules, for which low order TE^ n modes 
with n =2 or 4 were used [19]. 

The mode with n=12 electric field maxima on the sym- 
metry axis that is used here, creates electric field gra- 
dients in the longitudinal direction that are similar in 
magnitude to those in the transverse direction, as can 
be seen from the mode pattern shown in the lower left 
corner of Figure [TJ The longitudinal gradients can be 
used to influence and control the forward velocity of the 
molecules. When 3.0 W of microwave power is coupled 
into the cavity, the maximum electric field strength on 
the axis is around 1.4 kV/cm, resulting in an ac Stark 
shift of approximately 250 MHz. As this is considerably 
larger than the detuning of 58 MHz, the Stark shift that 
the molecules experience near the field maxima scales al- 
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most linearly with the electric field strength [19] . This in 
turn implies that the longitudinal potential that the am- 
monia molecules experience is nearly perfectly harmonic 
around the position of each of the twelve electric field 
maxima, as shown explicitly in the lower right corner of 
Figure [T] 

Figure [2] shows the density of ammonia molecules be- 
hind the microwave cavity as a function of time. Without 
microwave radiation in the cavity (panel [A]), there is 
hardly any detectable signal; the slow, divergent beam 
of ammonia molecules is strongly diluted during free 
flight to the laser interaction region. When 3.0 W of 
microwaves are continuously coupled in (panel [B]), the 
cavity functions as a microwave lens and the ammonia 
molecules are transversally focused into the detection 
region. The observed broad arrival time distribution, 
centered around 5.2 ms, reflects the broad initial veloc- 
ity distribution of the molecules entering the microwave 
cavity. In panel [C], measurements are shown that are 
recorded using a longitudinal guiding mode of operation. 
The microwaves are switched on and off every time a 
(fictitious) molecule that enters the cavity on the beam 
axis with a forward velocity of v z =25 m/s reaches the 
position at which the electric field strength is 50% of its 
maximum value. This means that the microwave fields 
are on for a distance spanning two thirds of each elec- 
tric field strength period (2/3 x d/12 w 6.7 mm), sym- 
metrically spread around the electric field maxima, as 
schematically shown in the lower right corner of Figure 
[I] Consequently, during its flight on the axis of the cavity, 
such a molecule, referred to as the synchronous molecule, 
only experiences the deepest part of the potential wells. 
The ammonia molecules are thus trapped in an effective 
traveling longitudinal potential well, much like the sit- 
uation during guiding at a constant velocity in a Stark 
decelerator [21]. 

The observed arrival time distribution in panel [C] has 
an intense peak around £=5.40 ms, the expected arrival 
time for molecules being transported through the mi- 
crowave cavity with a mean velocity of 25 m/s. This 
narrow peak is shown on an expanded time-scale in the 
lower right corner of Figure [2j from which it is seen to 
have a temporal width of 45 /is. This width mainly re- 
sults from the length of the packet of molecules, although 
there might be a slight broadening due to the finite size of 
the (focused) ionization laser beam. Neglecting the lat- 
ter effect sets the upper limit on the longitudinal size of 
the packet of ammonia molecules in the detection region 
to only 1.1 mm. The packet is this compact because we 
selected the parameters such as to perform longitudinal 
spatial focusing in the detection region, i.e. a one-to-one 
image is made of the packet at the exit of the Stark decel- 
erator in the detection region. The molecules contribut- 
ing to this narrow peak would have given rise to a ten 
times broader time of flight profile when the microwaves 
would have been kept off, or constantly on. 
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FIG. 2: (Color online) Density of ammonia molecules behind 
the microwave cavity as a function of time (in milliseconds) 
without microwaves ([A]), with 3.0 W of microwaves con- 
tinuously coupled in ([B]) or with pulsed application of the 
microwaves for two thirds of the time ([C]). The curves are 
offset for clarity, but all have the same vertical scale. For 
the measurements in panel [C], the microwaves are applied 
synchronously with the motion of an ammonia molecule that 
moves on the molecular beam axis with a forward velocity 
of 25 m/s. The longitudinal phase space distribution of the 
molecules at the first time that the microwaves are switched 
on and at the last time that they are switched off is shown on 
the left and right side of the peak, respectively, overlaid on 
the longitudinal phase space acceptance diagram. 

The principle of bunching is visualized in the insets to 
panel [C], where the calculated longitudinal phase space 
distributions of the molecules near the entrance (left side) 
and close to the exit (right side) of the microwave cavity 
are shown, overlaid on the longitudinal phase space ac- 
ceptance of the microwave decelerator. Under the present 
operating conditions, the packet undergoes almost ex- 
actly half a rotation in phase space, such that a spatially 
narrow packet, but with a broad longitudinal velocity dis- 
tribution, is created in the detection region; a narrow lon- 
gitudinal velocity distribution, at the cost of an extended 
spatial distribution, can be created if the parameters are 
selected to perform only a quarter of a full rotation in 
phase space in the microwave cavity. These bunching 
and longitudinal cooling schemes in a microwave cavity 
for molecules in high-field-seeking states are similar to 
schemes demonstrated before with switched electric fields 
for molecules in low- field-seeking states [22] . 

The results of microwave acceleration and deceleration 
experiments are shown in Figure [3] For these measure- 
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merits, the microwaves are again switched on and off such 
that the synchronous molecule experiences two thirds of 
the potential wells, but in intervals that are no longer 
distributed symmetrically around the electric field max- 
ima. In addition, the corresponding time intervals are no 
longer equidistant, due to the non-zero acceleration. The 
microwave fields are switched such that a synchronous 
ammonia molecule that enters the microwave cavity with 
an initial velocity of v z =20.0 m/s gains or loses a fixed 
amount of kinetic energy ft x 100 MHz (ft x 201 MHz) per 
microwave deceleration stage, where ft is Planck's con- 
stant. These molecules then exit the cavity with veloc- 
ities of 21.4 m/s (22.7 m/s) or 18.5 m/s (16.9 m/s), re- 
spectively, as indicated next to the observed arrival time 
distributions. The time of flight distribution obtained 
when guiding molecules at a constant velocity of 20.0 m/s 
is shown as the middle trace. Although the longitudi- 
nal acceptance of the microwave decelerator gets smaller 
with increasing acceleration and deceleration rates, the 
peak intensity in the arrival time distributions is seen 
to get slightly higher for the accelerated beams. This is 
explained by the improved transverse and longitudinal 
spatial focusing in the detection region in this case. 
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FIG. 3: (Color online) Density of ammonia molecules behind 
the microwave cavity as a function of time for two different 
acceleration, a guiding and two deceleration sequences (curves 
vertically offset for clarity). Ammonia molecules that enter 
the cavity with v z =20.0 m/s exit with the indicated velocity. 

In conclusion, a prototype microwave decelerator, en- 
abling excellent control over the six-dimensional phase 
space distribution of an ensemble of molecules in high- 
field-seeking states, has been experimentally demon- 
strated. This microwave decelerator can be used, for 
instance, to prepare samples of ground-state molecules 



for subsequent spectroscopy and scattering experiments 
or to load them into a (microwave) trap. 
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